Abstract: A long-distance measurement system is proposed in this paper, which is based on optical sampling using a femtosecond fiber laser. The measurement principle and the importance of dispersion compensation are theoretically analyzed in the time domain. By sweeping the repetition rate periodically, stable cross-correlation patterns are acquired, and the unknown distance can be calculated from the interference information. A long optical delay line is placed in the signal path, which can eliminate the "dead zone" effect and improve the performance of long-range measurement. The experimental results show that the present system can realize an accuracy of 4 μm over a 60-m distance, corresponding to a relative precision of 6.7 × 10 −8 . The all-fiber optical path system provides a balance among long range, high resolution, and rapid measurement, with the potential for the development of instrumentation for precision engineering applications.
Introduction
Over the years, the accurate measurement of the optical frequency has proven to be a difficult puzzle in the field of laser precision measurement and metrology. Fortunately, the emergence of the optical frequency comb technique effectively addressed this problem. It not only establishes a direct relationship between the optical domain and the microwave domain [1] , but it also traces the measured results to the definition of the meter in the international system of units [2] . Optical frequency combs have facilitated a wide variety of applications since their invention, including arbitrary waveform generation [3] , high-precision spectroscopy [4] and astronomical spectrograph calibration [5] . Furthermore, this technique has become an essential tool for high-accuracy, longrange absolute distance measurement. In 2000, Minoshima and Matsumoto first demonstrated high-accuracy measurement of a distance of 240 m using a mode-locked femtosecond pulse laser [6] . Since then, significant effort has been directed at the development of absolute distance measurement approaches based on numerous proposed ideas. In view of the different principles involved, these approaches can be divided into three categories.
In the first category, distance measurement is realized based on dispersive interferometry [7] - [9] , also called spectrally-resolved interferometry (SRI). The phase information related to distance can be unwrapped in the frequency domain based on an analysis of the frequency spectrum of the interference signal. However, a rapid response requires complex data processing using the Fourier transform. The non-ambiguous range (NAR) of SRI is seriously restricted by the resolution of the spectrum analyzer in this approach so that absolute distance measurement is difficult to achieve. The second category involves multiple-wavelength interferometry (MWI) [10] - [12] , which relies on the equally spaced comb modes of an optical frequency comb. By extracting higher optical comb modes, a smaller NAR can be achieved. To meet this expectation, MWI usually requires more than one femtosecond laser, which leads to high complexity and cost. The third category is optical sampling based on coherent time-of-flight principle [13] . Generally, the significant aspect of this approach is the varied delay line which is generated using linear displacement stages, fiber stretches or spiral reflectors. The mechanical jitter caused by delay line is significant, and it's hard to balance the short sweeping time and the large scanning depth. Asynchronous optical sampling (ASOPS) [14] - [17] , is an improved method that can facilitate optical sampling using two femtosecond lasers with slightly different repetition frequencies. ASOPS can acquire distance information from interference fringe patterns and address many of the aforementioned problems. However, great effort is required to stabilize the two combs and the high cost of the approach is the primary disadvantage. In 2010, Thomas Hochrein et al. presented a novel approach called optical sampling by cavity tuning (OSCAT) [18] . This technique is different from traditional optical sampling methods. OSCAT can easily control the time delay between two paths by tuning the repetition frequency of the femtosecond laser. Robust, fast, and low cost OSCAT effectively minimizes the mechanical trouble in distance measurement. In 2013, Yang et al. demonstrated measurement of a round-trip length of 20 mm using a dynamic model in LIDAR applications [19] . In 2015, an optical frequency comb interferometer with a 2.8 m scanning range was proposed, which was based on a technique of fiber stabilization [20] . In addition, absolute distance measurement within 10 μm precision was performed using OSCAT in 2016 [21] .
In this paper, we propose a long absolute distance measurement system using a mode-locked femtosecond fiber laser. The laser can be continuously swept at the repetition rate via the application of periodic signals to an internal piezo-electric (PZT) ceramic. In order to enlarge the NAR, we added a long fiber delay line in the measurement path. The "dead zone" problem in principle can be solved independent of technical parameters. And excellent long distance measurement capability is obtained. Careful dispersion compensation is a crucial aspect in the achievement of ideal fringes for all-fiber optical paths. These two necessary techniques should be implemented in the development of an OSCAT system for long distance measurement. The analysis of cross-correlation function and dispersion effect is well proved in experiments. Compared with the incremental He-Ne interferometers, this system shows the ability to balance long range, high resolution, and rapid measurement. Besides, the compact and cost-efficient structure is the outstanding advantage of this system.
Principle and Simulation

Distance Measurement Principle
The structure of the OSCAT can be represented in a simplified form as an unbalanced optical interferometer and the schematic of our measurement principle is shown in Fig. 1(a) . A pulse train from the femtosecond laser enters the interferometer and is split into two paths. One pulse train, called Beam Mea, travels through an optical delay line (ODL), and interacts with a target mirror and a circulator. The other pulse train, named as Beam Ref, only travels through the transmission fiber. The two beams are combined at the coupler and then detected by an amplified photodetector. We define the index of the combined pulses of the two beams as p and q. The difference between p and q is given as m, that is m = |p − q|.
When the repetition frequency of the pulse laser is changed continuously, the pth pulse in Beam Mea and the qth pulse in Beam Ref will overlap at one specific frequency and target position. The optical path difference L between the two beams can be calculated as follows:
where c is the speed of light in a vacuum, n g is the group refractive index of air, f re p is the present repetition frequency and m is an integer, which can be calculated as follows:
where round is an integer function, L Me a and L Re f are the total optical paths of Beam Mea and Beam Ref before PD, and L pp is the pulse-to-pulse length. When the repetition frequency is changed by f ( f ≤ f re p ), the NAR length L N AR can be calculated as follows:
Based on this equation, the L N AR can cover the L pp to realize arbitrary absolute distance measurement by adjusting the parameters m and f. The path difference of the transmission fiber for the two beams is much less than the length of ODL, which is assumed as 0 in this case. When the ODL is placed in Beam Mea and Beam Ref respectively, m is redefined as m 1 and m 2 , which are expressed as
where L O D L and L Tar are the optical length of ODL and the distance of target, respectively. When the target position is changed constantly, m 1 is always a large integer which can be larger with increasing distance. Conversely, m 2 will be smaller with an increase in distance. This means that m 2 is close to 0, as the target distance approaches the ODL length. In this case, the NAR is almost 0, which becomes a so-called "dead zone". To avoid this effect and guarantee a large NAR, the ODL is placed in the measurement path of this system.
Simulation of Cross-Correlation Function
As shown in Fig. 1 , the stable pulse train generated from the optical frequency comb is divided into two beams. In the time domain, the electric fields of these two pulse trains can be expressed as follows:
where A(t) and A(t + τ) are the pulse envelopes in the reference and measurement paths respectively, ω c is the angular carrier frequency, ϕ 0 is an arbitrary initial phase of the carrier pulse, ϕ ce represents the carrier phase slip rate caused by the difference between the group and phase velocities, m is the aforementioned integer, and τ is the delay between the two optical paths. According to Eq. (3), this delay can be written as
When the reference pulse and the measurement pulse overlap, the total electric field can be expressed as
A photodetector is used with a response time T d , which is much longer than the pulse interval. Based on Eqs. (6)- (9), the detected intensity I is expressed as
From the above equation, the intensity expression can be divided into two components, which are the direct-current (DC) component and the alternating-current (AC) component. The first DC component can be approximated as an integer with little change. The second AC component can be regarded as the mathematical expression of the cross-correlation fringes. Thus, we focus on the AC component and it can be rewritten as:
For the pulse envelope, the classic Gaussian model is used. Based on Eq. (11), the simulation of the cross-correlation function is performed with the sweeping of repetition rate, shown as Fig. 1(b) . In the simulation, the center wavelength of the laser is 1550 nm, the pulse width is 300 fs, the repetition frequency is 200 MHz, the carrier envelope offset frequency is 2 MHz, the sweeping range is 2.5 kHz, and the sweeping step is 1 Hz. However, while propagating in a fiber medium, the laser pulse suffers from the absorption, dispersion, and nonlinear effects over long distance measurement. The relevant analysis will be reviewed in the next part of this section.
Analysis of Dispersion Effect
When a femtosecond pulse propagates in an optical fiber, its real state can be described by the Nonlinear Schrodinger (NLS) equation, which is expressed as:
where A is the pulse envelope, z is a variable of the pulse position, T is a variable of the pulse width, and α, β 2 and γ are the absorption, dispersion (second-order dispersion) and nonlinear coefficients of the optical fiber respectively. The three terms on the right of the equation represent the absorption, dispersion, and nonlinear effects. Their influence is determined by the initial width T 0 and the initial power P 0 of the pulse. Since the transmission loss only has a minor effect on the pulse power, the absorption effect is neglected in this instance. We simply analyze the dispersion and nonlinear effects, and consider the dispersion length L D and the nonlinear length L N L , which can be expressed as:
In this system, the pulse width is 330 fs, the pulse power is 105 mW, β 2 is 18 ps 2 /km, and γ is 3 W −1 km −1 . Calculations reveal that L D is much less than L N L , which means that the dispersion effect is much stronger than the nonlinear effects. Thus, the dispersion effect in this system needs to be analyzed individually. Here, α and γ are set as 0, by solving Eq. (12) , the dispersion Gaussian model can be expressed as:
Based on Eq. (11) and (15), when z is 0, 2L D and 4L D , the pulse envelopes and its crosscorrelation patterns are simulated. As shown in Fig. 2 , the pulse envelopes and interference fringes appear to be obviously attenuated and broadened with an increase of the dispersion length. This implies that a long optical delay line in the OSCAT technique will cause significant dispersion effects. In practical measurement, the cross-correlation patterns will overlap with the sweeping repetition frequency, which may inhibit the acquisition of measurement results. Therefore, it is necessary to compensate for the dispersion of the fiber in this system. Fig. 3 shows a schematic diagram of the experimental setup, which consists of the measurement system (blue dotted line frame) and the reference system (green dotted line frame). In the measurement system, we used a home-made mode-locked femtosecond fiber laser (1550 nm central wavelength, 70 mW peak power, 200 MHz repetition frequency) based on nonlinear polarization evolution principles. The internal basic structure is dotted with a red line frame in Fig. 4 . The long optical delay line is composed of a single mode fiber (SMF) and a dispersion compensation fiber (DCF), with a total length of 120 m and isolated in a thermostat box. The pulse train is divided by optical coupler1 (OC1), of which 99% enters the ODL and travels through an unknown distance in the measurement arm. The laser beam is reflected by a target prism and effectively coupled into a collimator. The rest of the beam is split by OC2, of which 50% serves as the local oscillator and 50% is used to count the frequency at the high-speed photodetector PD2 (Thorlabs FPD310). The measurement and local beams combine at OC3 and interference fringes are detected at PD1 (Thorlabs PDA10CS-EC). A data acquisition card (DAQ) (PicoScope 6403C) is used to acquire the frequency and cross-correlation signals, and to upload the data to a computer for processing. Meanwhile, the DAQ can generate periodic signals which are applied to the PZT of the fiber laser using a servo controller (Thorlabs MDT694B). The sweeping range of the repetition rate is up to 2.3 kHz for the 150 V control voltage. Two low pass filters (Mini Circuits VLF-120+, Thorlabs EF506) are used to remove high-order harmonics for data sampling. In the reference system, three commercial He-Ne interferometers (Agilent 5519B) are used to calibrate the distance results and correct the Abbe error, strictly parallel to the measurement beam. The target prisms of the two systems are fixed on the same stable PC-controlled platform of the long rail.
Experimental Setup
In the process of distance measurement, the repetition rate of the femtosecond laser is kept sweeping to guarantee ideal interference fringes at each target position. An initial position needs to be determined first and the difference between the two optical paths can be roughly measured using an optical time domain reflectometer. Based on Eq. (2), the integer m is calculated easily. With the known integer m and the present frequency f re p , the initial optical distance difference L 0 can be accurately calculated using Eq. (1). Then, the target position is changed to the measured place. Similarly, the optical distance difference L i in this case can be calculated with current parameters using Eq. (1). Thus, the absolute distance d is obtained as:
At the same time, the current result is displayed on the PC in this system.
Results and Discussion
We performed the long-distance measurement on the 80-m large-scale standard rail at the National Institute of Metrology (NIM), China. The average ambient conditions were 17.69°C temperature, 995.25 hPa pressure, and 40.16% humidity along the underground rail. The group refractive index of air was calculated as 1.00028281 based on the modified Edlen formula [22] . The stability of the long ODL is proved by the length variation, which can be calculated via the heterodyne phases obtained from a frequency counter. As shown in Fig. 4 , the length variation is observed for 600 s and exhibited a standard deviation of 0.251 μm, corresponding to a 10 −9 relative stability. The dispersion of the long fiber is well compensated by adjusting the length of the DCF with an autocorrelator. The pulse widths of the measurement and local beams were approximately 330 fs and 323 fs respectively, which are basically the same. After dispersion compensation, ideal cross-correlation patterns can be acquired by tuning the repetition frequency. The interference fringes in the frequency and time domains are shown in the Fig. 5(a) and (b) , which illustrate the full overlapping of the two pulse trains. The period time of the sweeping signal was 1 s and the sampling rates of the DAQ were 1 GS/s (repetition rate) and 250 kS/s (cross-correlation pattern). During the scanning time, the repetition frequency and cross-correlation pattern information in the same period is acquired simultaneously. And the fringes information corresponding to the scanning frequency is obtained, as shown in Fig. 5(b) . Based on the Hilbert transform algorithm, the envelope of cross-correlation pattern is demodulated and the real-time repetition frequency corresponding to the peak can be easily searched. It should be noted that it may not be possible to acquire correct fringes if the compensation is insufficient, as shown in Fig. 5(c) . The dispersion of the fiber broadens the pulse envelopes and leads to a severe overlapping of the cross-correlations, which coincides with the analysis in Section 2.3. In this case, it is difficult to obtain accurate distance information and more dispersion compensation is necessary. In comparison, Fig. 5(b) shows an ideal performance for distance measurement.
For the measuring process given in Section 3, our system is compared with incremental interferometers on the long rail. The results of the performance at ten different positions (does not contain the initial position) are shown in Fig. 6 . The midpoints represent the difference between the average of five measurements and the reference value at one position. It is seen that the error bars are twice the standard deviation with an average time of 0.5 s. The results show a good agreement within 4 μm in a range up to 60 m, corresponding to 6.7 × 10 −8 level. Moreover, we found that the NAR kept increasing along the 60-m distance. As previously analyzed in Section 2.1, the NAR becomes larger when the target position is further away, which demonstrates the good long-range measurement performance of this system. According to the Eq. (1) and (4), three factors contribute to the uncertainty of the distance measurement. They are the repetition frequency f re p , the group refractive index of air n g and the long ODL length L ODL . The relative uncertainty can be expressed as:
In this system, the uncertainty of the instantaneous repetition rate plays the leading role among the right three parts, which is mainly due to the precision of the DAQ and the sweeping frequency of the femtosecond laser. This term was calculated to be 4.6 Hz and contributes about 6.3 μm to the total uncertainty with a coverage factor of 2. For the uncertainty of the air refractive index, the inherent uncertainty of the Edlen formula and environmental factors were considered. The former is 2 × 10 −8 and the latter consisted of the temperature (40 mK), pressure (17 Pa), and humidity (2%), corresponding to 7.8 × 10 −10 , 4.4 × 10 −8 , and 1. 
Conclusion
In summary, we demonstrated a system which utilized optical sampling by cavity tuning for longrange absolute distance measurement. Two homologous pulse trains with a time delay can overlay each other by continuously sweeping the repetition frequency of a femtosecond laser. Ideal crosscorrelation patterns are acquired based on careful dispersion compensation, and the unknown distance can be determined after analyzing the interference information. Compared with commercial interferometers, the experimental results show an agreement within 4 μm precision, corresponding to a relative agreement of 6.7 × 10 −8 . The measurement uncertainty is estimated to be of the order of 10 −7 in a range up to 60 m, depending on the system and environmental influence factors. The optical delay line in the signal path not only eliminates the "dead zone" effect but also guarantees a large NAR for long-range measurement. In order to realize arbitrary distance measurement, it is necessary to expand the tuning range of repetition rate by adding micro picomotors into the fiber laser [23] or increasing the length of the long fiber. In that case, the elimination of vibration will be another technical difficulty, and the update rate may be reduced. Furthermore, all-fiber optical paths are used in this system, and large analytical instruments can be replaced by smaller DAQs and microcontrollers (FPGA), which facilitates the development of a portable measurement instrument for precision engineering applications in the future.
